The shock absorber is an essential part of car suspension system. It insures the required passenger comfort as well as the damping of oscillations resulting from road irregularities. This paper deals with the dynamic behavior of a gas charged single tube shock absorber, used in heavy vehicles. The performance of the studied shock absorber is investigated theoretically by deducing a mathematical model describing the system dynamic behavior and developing a simulation program using the MATLAB package. The dynamic behavior of the studied shock absorber is also studied experimentally. A sinusoidal input displacement was applied to the shock absorber. The transient variation of force was measured for different amplitudes and frequencies of input displacement. The transient response to cyclic ramp displacement was also measured. The simulation results showed good agreement with the experimental results, which validates the developed simulation program. The validated simulation program was used to investigate the transient response of the car suspension system. The transient variations of the vertical acceleration, velocity and displacement of the sprung mass were calculated for typical road irregularity. The validated simulation program is applicable to the different cases of vehicle dynamics analysis.
NOMENCLATURE

Ap,
Area of the piston in the rod side, m2. Ape Area of the piston, m2. Avt Fixed orifice area, m2.
Ay2
Variable orifice Area, m2. At Area of the free plunger, m2.
Ad
Area of the damping control ring, m2. 
VN
Volume of the nitrogen in the chamber VN, m3 .
V1
Volume of the chamber V1, m 3.
V2
Volume of the chamber V2, m3. x Displacement of the free plunger, m. y Displacement of the damping control ring, m.
Yo
The pre compression of the spring, m.
Zo
Displacement of the road profile in the vertical direction, m.
Z1
Displacement of the sprung mass from the equilibrium position, m. z2
Displacement of the un-sprung mass from the equilibrium position, m. p Density of oil, kg/m3. S.A Shock absorber.
1.INTRODUCTION
The suspension is a necessary system for any wheeled vehicle. It isolates the vehicle from the road irregularities, supporting the weight of the vehicle, maintaining the height and attitude of the vehicle relative to the underlying road, and controlling the contact force between the wheels and the road [1] . The vast majority of wheeled vehicles in use today employ only springs and shock absorbers. These have fixed rate and cannot be changed by the external signals (passive components). It reacts to the relative position and velocity of the wheel assembly to the vehicle body. With the relatively low spring stiffness, the excellent ride was achieved through a more effective isolation system [2] . This requires significant improvements in suspension damping.
The main purpose of the shock absorber is to dissipate the energy of the vehicle body and wheel assembly in their vertical motion, which may arise from controlled inputs or from disturbance by the road surface. The function of shock absorber is based on the motion of one or more pistons in cylinders and the movement of fluid through a restriction area [3] . The damping force is depending on the rate of change of displacement between the vehicle body and wheel assembly. In order to achieve this, the performance of the shock absorber has to be measured experimentally.
Few researchers studied the modeling and simulation of the shock absorber [4, 5, 8, 9] and others studied the dynamic behavior of the shock absorber [6, 7, 10] . In this paper, the dynamic characteristics of the gas charged single tube S.A have been measured experimentally and modeled numerically. Also a mathematical model for the quarter vehicle model including the shock absorber has been developed. The dynamic response of sprung mass has been obtained for different road input displacement.
2.DESCRIPTION OF THE STUDIED SHOCK ABSORBER
Fig. (1) shows the construction of the gas charged single tube 'S.A 'used for BMR vehicle as a suspension unit. It has a single suspension effect and double damping effect. It consists of a rod (22) with a piston (4) sliding in a cOiridiical barrel (41), and the balance chamber (o), which is charged with nitrogen. It works as an air spring and absorbs the increased volume due to the oil warming and the volume displaced by the piston rod. The nitrogen and oil are separated, using free plunger (3). The piston contains the compression valve, which consists of eight holes distributed symmetrically along the circumference of the piston (4). These holes create a fixed orifice area (AA ) and a variable orifice area (An) as shown in Fig. (2) . The operation of the suspension unit SA is divided into two modes, compression and rebound.
(A) Compression mode.
When the cylinder barrel and the whole suspension assembly starts to move upwards due to road bumps, the oil pressure is increased under the piston and the free plunger starts to move up-ward increasing the pressure in the nitrogen chamber. The air spring effect is started in this direction. At the low speeds, the oil flows from the chamber (V2) to the damping chamber (V1) through the fixed orifice area (A,1), as shown in Fig. (2) . At a relatively high speed, the damping control ring (37) starts to move and open the variable orifice area (An) depending on the pressure difference between the oil chamber (V2) and damping chamber (VI).
(B) Rebound mode.
When the cylinder barrel starts to move downwards, the oil pressure in the damping chamber (VI) starts to increase. The oil flows through the fixed orifice area to the oil chamber (V2) generating a high damping force. In the same time, the free plunger starts to move down words decreasing the nitrogen gas pressure (PN) and the stiffness of the gas spring.
Shock absorber modeling and simulation
The importance of the simulation is the ability to study the dynamic response, hence evaluating the factors that affect and govern the dynamic performance. For this purpose, a mathematical model of the shock absorber system has been developed. This model takes into consideration the nonlinear behavior of the friction between the moving parts and the variable area of the throttling orifices. The mathematical model is solved numerically on a digital computer to obtain the dynamic behavior theoretically.
The equations describing the dynamic behavior of the gas charged single tube shock absorber are deduced from Fig. (2) , considering the following assumptions: -1 -The density and bulk's modulus are assumed constant. 2 -The coefficient of the discharge is assumed constant, Cd = 0.63 3 -The variation of the viscosity of oil is neglected. 4 -There is no internal or external leakage flow rate. 5 -The piston rod of the shock absorber is fixed and the piston is in the mid stroke. 6 -Assuming polytropic process for the gas nitrogen compression.
Flow rates through the compression valve
The oil flows through two orifices connected in parallel to the chamber (V1 ) above the piston, one of them is the fixed orifice area (Av1) and the second is the variable orifice area (A,2). The flow rates through the orifices are given by the following equations.
Flow rate through the fixed orifice area Av.: -
Flow rate through the variable orifice area Ave: -
=0 y 0
Continuity equation in the chamber (Vi): -
Where [(V1 + Apiz2 )/B]clPv, /dt = 0 is a term allowing for the effect of the compressibility.
Continuity equation in the chamber (V2): -
The 
Experimental Measurement of the shock absorber characteristics
The dynamic characteristics of the shock absorber are measured experimentally with damper test system, shown in Fig. (3) . Sine and ramp road input displacement are used. The sine road input displacement have four different frequencies; 0.5, 1, 1.5 and 2 Hz with amplitude 80 mm as shown in Fig. (4) . Also the ramp road input displacements have four different velocities; 0.08,0.16,0.24 and 0.32 m/s with amplitude 80 mm as shown in Fig. (5) .
Sine road input displacement
Fig (6) shows the theoretical and experimental variation of the damping force with the piston velocity when the S.A is excited by road input displacement in the form of sine wave with frequency 2 Hz and amplitude 80mm. The damping force with positive velocity represents the rebound stroke and the damping force with negative velocity represents the compression stroke. The point (A) is the start of the rebound stroke. In this stroke the oil flows through a fixed orifice area generating high damping force having its maximum value at the point (B) . This point represents the middle of the rebound stroke and corresponding to the maximum speed in the stroke. The point (C) represents the end of the rebound stroke and in the same time, the start of the compression stroke. In this stroke the oil flows through a fixed orifice area generating high damping force at low velocity (CD).
As a result of increasing the velocity, the oil pressure increases and the compression valve starts to open and gives nearly a linear relation (DE and EF). The point (E)
represents the maximum damping force in the compression stroke. This point is corresponding to maximum speed. The point (C) is shifted due to the nitrogen gas pressure inside the S.A. 
5.Application to quarter vehicle model
Referring to Fig. (2) which represents the quarter vehicle model with two-degree of freedom. It includes the sprung mass representing the vehicle body and un-sprung mass representing wheel and associated components. The motion in the vertical direction can be described by two coordinates, z1 and z2, with origins at the static equilibrium positions of the sprung and un-sprung mass, respectively. By applying Newton's second low to the sprung and un-sprung mass separately, the equation of motion of the system can be obtained as follows:
For the sprung mass,
For the unsprung mass,
The excitations, due to surface irregularity, may be expressed by equation (12), the road input displacement is represented as shown in Fig.(14) . 
6.Conclusions
The dynamic behavior of a gas charged single tube shock absorber, used in heavy vehicles was investigated theoretically and experimentally. The theoretical study included the deduction of a mathematical model describing the system dynamic behavior and the development of a simulation program using the MATLAB package. An input sinusoidal displacement was experimentally applied to the shock absorber. 1-During the compression stroke, the shock absorber achieves nearly linear relationship between the damping force and rate of change of piston displacement. This is the objective of the design in the compression mode. The linear relation is achieved by the compression valve system. The generated damping force is linearly proportional to the piston speed, and the damping coefficient is lower than the damping coefficient in the rebound stroke. The maximum compression force is about 17.4% from the maximum rebound force.
2-During the rebound stroke, Great damping force is observed, due to the flow of oil through a fixed orifice area and is proportional to the square of piston velocity. The damping coefficient is increased with increasing the piston velocity. The maximum damping forces in the rebound and compression stroke were found at the middle of piston stroke. This is corresponding to the maximum piston speed in the case of sine road input displacement. 
